The optical theorem relates the total scattering cross-section of a given structure with its forward scattering, but does not impose any restrictions on other directions. Strong backward-forward asymmetry in scattering could be achieved by exploring retarded coupling between particles, exhibiting both electric and magnetic resonances. Here, a hybrid magneto-electric particle (HMEP), consisting of a split ring resonator acting as a magnetic dipole and a wire antenna acting as an electric dipole, is shown to possess asymmetric scattering properties. When illuminated from opposite directions with the same polarization of the electric field, the structure has exactly the same forward scattering, while the backward scattering is drastically different. The scattering cross section is shown to be as low as zero at a narrow frequency range when illuminated from one side, while being maximal at the same frequency 
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Abstract:
The optical theorem relates the total scattering cross-section of a given structure with its forward scattering, but does not impose any restrictions on other directions. Strong backward-forward asymmetry in scattering could be achieved by exploring retarded coupling between particles, exhibiting both electric and magnetic resonances. Here, a hybrid magneto-electric particle (HMEP), consisting of a split ring resonator acting as a magnetic dipole and a wire antenna acting as an electric dipole, is shown to possess asymmetric scattering properties. When illuminated from opposite directions with the same polarization of the electric field, the structure has exactly the same forward scattering, while the backward scattering is drastically different. The scattering cross section is shown to be as low as zero at a narrow frequency range when illuminated from one side, while being maximal at the same frequency range when illuminated from the other side. Theoretical predictions of the phenomena are supported with both numerical and experimental conformations, obtained at the GHz frequency range, and all are in a good agreement with each other. HMEP meta-particles could be used as building blocks for various metamaterials assembling solar cells, invisibility cloaks, holographic masks and more. a ) vitaliko@mail.tau.ac.il b ) V. Kozlov and D. Filonov contributed equally to this work
Introduction:
Metamaterials have gained broad interest in the past decade, as they hold the promise for delivering new types of devices [1] . Some of the more notable applications are solar cells [2] , invisibility cloaking devices [3] , holography [4] , opto-mechanics [5] , [6] and many more. The basic functionalities of metamaterials are achieved by carefully designing the constitutive elements (meta-atoms) that govern the composite's behavior. Split ring resonators (SRR) and thin wires are often employed as the building blocks in many realizations, owing both to the fact that these structures are well understood theoretically [7] , as well as the relative ease of their manufacturing. In order to achieve complex properties, metaatoms often consist of more than one structure [8] , [9] , [10] , [11] . One of the desirable functionalities that could be achieved with metamaterials is an asymmetric response. For example, asymmetric transmission could find use in a range of applications, such as antireflection coatings [12] , light harvesting in solar cells [13] , polarization sensitive devises [14] , [15] and photonic diodes [16] to name a few.
Scattering characteristics of individual elements could be controlled by engineering their multipolar responses. For example, the so-called Huygen's elements rely on interference between electric and magnetic dipolar responses that suppress the backward scattering [17] , [18] . Meta-particles with nonsymmetrical scattering are discussed in details in [19] , [20] , [21] , [22] where a few structures were studied analytically, including the omega, omega-Tellegen and the chiral-moving particle. It was shown that periodic structures constructed from such meta-atoms could be used to create thin films with tunable nonsymmetrical transmission and reflection, e.g. [23] and references therein. Here another example of asymmetric meta-particle is proposed, putting an emphasis on reflection characteristics and its balance with the forward scattering.
The optical theorem [24] relates the forward scattering from an object with its total radar cross-section (RCS) and is a manifestation of the fundamental principle of causality. Remarkably, the theorem favors the forward direction over all the rest and there is no simple relation between the total RCS and the backward scattering, for example. Here a special type of meta-atom, having a symmetric forward and asymmetric backward scattering is studied. The hybrid magneto-electric particle (HMEP), consisting of a SRR and a thin wire (Fig. 1 ) is considered analytically, numerically and experimentally. The HMEP is shown to have asymmetric backscattering when illuminated by a plane wave from opposite directions. It is worth noting, that related structures have been previously analyzed in [25] , [26] , while theoretical descriptions were reported in [9] , where the HMEP was used to construct narrow band filters. Intuitively the asymmetric reflection of the HMEP could be understood by observing Fig.1 . Since the polarization of the incident electric field is the same in both the forward and the backward propagation directions, the scattered magnetic field from the wire remains the same when it reaches the SRR. However, the incident magnetic field's polarization switches direction, resulting in constructive or destructive interference with the aforementioned scattered magnetic field in the SRR. This means that the coupling between the two elements is different depending on the direction of propagation.
The letter is organized as follows -first a theoretic framework is derived to show that asymmetric behavior is to be expected for the coupled dipoles. Next, numeric modeling is performed and an optimized structure is compared with experimental results in the GHz range.
Theory
Electromagnetic scattering from a structure could be approached with the help of the multipolar decomposition technique [24] . Subwavelength scatterers could often be approximated analytically with a few of the leading (dipolar) terms and the related polarizabilities, which could be calculated directly from the geometry and material composition of the structure. When a structure (meta-atom hereafter) consists of several subwavelength features, the scattering problem could be solved self-consistently by employing the coupled dipoles technique [27] , [28] .
In the general case, both electric ( ) and magnetic ( moments could be attributed to each subwavelength scatterer, illuminated by an incident electric and magnetic fields. Matrix equation for a set of discrete coupled dipoles, labeled with sub index 'i' and situated at points , is given in Eq. 1. ,
where and are the free space permittivity and permeability, is a 3x3 matrix for the electric, magnetic or magneto-electric polarizability of scatterer i, while , are the dyadic Green's functions given by:
where I is the 3x3 identity matrix, , , , , × , = | |, and k is the free space wave vector. Eq. 1 has a 6 ×6 matrix form ( is the total number of particle scatterers), which could be solved by inversion to find the dipole moments of each scatterer.
In the special case of two simple scatterers and the coordinate system depicted in Fig.1 , the SRR's polarizability may be approximated as being dependent only on , while the wire's polarizability only on :
The resulting dipolar moments, excited with a plane wave illumination, are our main theoretical result: ,
where is the free space impedance and is the retarded coupling constant related to the Green's dyadic given by . The term explicitly appears in Eq. 4, underlining the dependence of the dipole moments on the propagation direction, where a positive (+k) characterizes an incident field propagating in the positive z direction and for a negative k the propagation direction is reversed, as could be seen in Fig.1 . The appearance of the term comes from the fact in Eq.
(1) changes polarization direction when the incident field propagates in the negative z direction with the same polarization of the electric field. This is the core property for the asymmetry effect that could be hardly achieved in a similar fashion with two purely electrical coupled dipoles.
The scattered field is extracted from the dipolar moments and is given by: ,
The RCS is defined as where L is a large distance in comparison with the wavelength and geometrical features of the meta-atom. Direct calculation of the forward and backward scattering could be performed by substituting the relevant numbers in Eq. (5). For example, backward-scattered far-field ( ) is given by:
While the theoretical treatment above is exact for subwavelength structures, additional multipole terms need to be taken into account when the structure's size becomes comparable with the wavelength.
Furthermore, the finite dimensions of the particles start playing role in the case of small separation distances ( ). Instead of using the multipolar expansion, which may become involved for numerous terms, the scattered field could be calculated numerically. This approach is undertaken ahead using CST Microwave Studio. In order to apply Eq. 6 and calculate the asymmetry factor, wire and SRR polarizabilities ( ) should be obtained first. For this purpose full wave simulations on individual elements (wire and SRR) were performed and numerical values of polarizabilities were extracted from backscattered fields (e.g. was obtained from Eq. 6 by putting , ). Fig. 2 . summarizes the results for the structure in a free space (dipole -thin strip 22.3x2mm, SSRouter diameter -8.3mm, inner 6.3mm, the gap -0.5mm). Since substrates could introduces secondary contributions, such as resonance shifts, image secondary sources and losses, they were omitted from those theoretical investigations, aiming on underlining the main effect. The asymmetry factor was defined as a ratio between the difference and the sum of backward scatterings at opposite direction of incidence ( ). This factor is bounded between similar to visibility coefficients, characterizing interference fringes. The asymmetry factor (Fig. 2(a) ) shows a strong dependence on the system's parameters -illumination frequency and the separation distance between the ring and the wire. First, the strong asymmetry could be achieved with subwavelength dimensions (Fig. a(b) ). This property is unobtainable without employing a combination of electric and magnetic resonances -that is the unique property of the HEMP particle. The asymmetry also preserves at wavelength-comparable separation distances - Fig. 2(c) ). An additional very remarkable feature is the strong sensitivity of the asymmetry factor on the separation distance -as it can be seen from Fig. 2(a) ) a small change in (on the scale of millimeters -less than one tenth of the wavelength) could flip the sign of the asymmetry coefficient. Such a high sensitivity could be employed for e.g. sensing applications.
Numerical Analysis and Microwave Experiment
The photographic image of the fabricated HMEP particle appears in Fig. 1(b) . The design of the constitutive elements is based on the standard copper strips, printed on a dielectric substrate (FR4 fiberglass, having ). In order to investigate asymmetric backscattering from HMEP, its basic components (the SRR and the wire) are analyzed first. Numerical simulations were performed with the frequency domain finite element method, implemented in CST Microwave Studio, aiming to emulate the experimental layout as close as possible, including the substrate effects. In order to implement the plane wave excitation in the laboratory conditions and measure the signal scattered to both the forward and backward directions, a pair of rectangular linearly polarized wideband horn antennas (1-18 GHz) were employed. Antennas were connected to coaxial ports of a vector network analyzer (Agilent E8362B), able to extract both the amplitude and phase of the received signals. The experiment was conducted in an anechoic chamber where the HMEP was positioned in the far-field of the antennas. The distance from the HMEP to the transmitting and receiving antennas was approximately 1.5 m. The backscattering was extracted from the measured complex-valued signals, obtained in several steps in order to eliminate instrumental responses. The calibration was performed with a large area metallic mirror, having a reflection coefficient equal to -1. All the reflected signals were normalized accordingly to factorize the impact of the measurement apparatus. Fig. 3 shows the RCSs of the separate elements appearing in Fig. 1 . It can be seen that the two are resonant at different frequencies with the SRR having a narrower resonance, which is in good agreement with experimental data. It should be noted, that individual elements were taken from the geometry of the combined particle, which was optimize to deliver the highest asymmetric response. As the result, individual elements do not resonate at the same frequency, as could be seen from Fig. 3 . However, the mutual coupling between constitutive elements will cause the complex particle to exhibit one strong resonance. Additional wavy behavior, which appears on the experimental data ( Fig. 3(b) ), is attributed to additional Fabry-Perot resonances between the sample and the horn antennas and is quite common in experiments of this kind. As it could be explicitly seen, the theorem is satisfied and no distinction on the propagation direction could be made. Fig . 5 is the main result, showing that the backscattering on the z axis at a large distance away from the HMEP, strongly depends on the direction of incident field propagation. In the forward direction (+k) the field is strongly reflected around 4GHz while in the backward direction (-k) there is almost no backscattering at all in the same frequency range. In order to satisfy optical theorem, the scattered radiation should be redistributed along other directions in space. This behavior is explicitly shown in the inset to Fig.4(a) , where polar plots of scattering diagrams appear. As it may be seen, in the +k case the backward scattering is quite significant, it vanishes once the incidence direction is flipped. Scattering to sides of the HEMP increases on the expense of the backscattering. Fig. 5(b) shows the experimental data on the asymmetric scattering and it is in an excellent agreement with the numerical investigations.
Furthermore, the numerical results (geometry that includes the substrate) and theoretical predictions (Fig. 2) are in a very good agreement either -spectral behavior of curves is alike apart from a resonance shift, caused by the substrate. This effect suggests this meta-particle to be a viable building block for different metamaterials that could benefit from asymmetric response to different incident field propagation directions. 
Conclusions
The HMEP meta-particle was analyzed analytically, numerically, and experimentally and was shown to have strong asymmetric response -being illuminated from opposite directions, it has completely symmetric forward scattering, while maximum asymmetry was achieved in the backward direction. The backscattering from the particle may be as low as 0 for one direction of the incident wave, while being maximal at the same frequency range for the opposite direction of propagation. It should be underlined that the optical theorem is not violated, and the scattered signal is merely redistributed between the other directions in space.
One of the fundamental properties of Maxwell's equations is that they are frequency scalable -this means that scattering from meta-atoms designed for the optical frequencies would be analogous to scattering from a similar meta-atom designed for radio frequencies (RF), provided that the material parameters and are the same [29] . This scalability enables emulation of optical metamaterials, which are often difficult to fabricate due to their small dimensions, with the relatively easily manufacturable metamaterials in the RF range [30] , [31] . Therefore, the proposed structure could be employed for approaching a range of applications in the optical domain. Consequently, HMEP could be used as a building block for asymmetric metamaterials assembling parts of solar cells, optical diodes and more.
